Purpose The purpose of this study was to determine the effect of the protein stabilizer octanoic acid on blastocyst development, implantation, and fetal growth in a murine model. Methods One-cell mouse embryos were collected and individually cultured in medium supplemented with recombinant human serum albumin for 96 h at 5 % oxygen in an EmbryoScope. Embryos were randomly allocated to four octanoic acid groups (0, 400, 800, or 1200 μM). Blastocyst development and cell cycle timings were calculated at 96 h of culture, and experiments were repeated in triplicate. Blastocysts were stained and fixed at 96 h for differential cell counts. Following 96 h of culture, blastocysts were transferred to recipients to determine implantation rates and fetal and placental weights. Results Blastocyst development, hatching rates, developmental kinetics, and total number of cells were negatively affected by octanoic acid at concentrations commonly used in human IVF. Implantation was not affected by octanoic acid but fetal and placental weights at 800 μM octanoic acid were increased relative to control. Conclusions Octanoic acid, a standard additive to human protein supplements used in IVF, can have long-term negative effects on embryonic and fetal development. The use of octanoic acid for human embryo culture should be monitored and reduced.
Introduction
Optimal culture of human embryos for clinical care requires minimizing stress from both defined and undefined sources. Defined variables, such as pH and temperature, are recognized as critical components of a culture system and as a result feature prominently in a laboratory's quality management program [1] . Undefined variables appear in products that demonstrate uneven quality, such as mineral oil [2] and protein [3] [4] [5] , variability that represents a challenge to quality programs utilized by manufacturers and clinical laboratories. To minimize the impact of products with variable quality, components that negatively affect embryo development should be identified in order to apply analytical methods to screen batches for variability. Methods more sensitive than the standard bioassay currently in use should be developed to detect these detrimental components.
Protein supplements for culture medium demonstrate lotto-lot variability that can adversely affect embryo development [4, [6] [7] [8] [9] . Protein used in clinical assisted reproductive technology (ART) is supplied as either human serum albumin (HSA) or as a complex mixture of proteins including albumin and globulins [10] [11] [12] . Though routine screening of protein supplements for endotoxins, electrolytes, and hormones is advocated by Meintjies [13] , there are many other components that have only recently been described and therefore are not routinely measured. Proteomic analysis identified 110 nondeclared proteins in HSA preparations, though 94 % of protein present was albumin [3] . Additional components identified in Capsule Octanoic acid, a standard additive to human protein supplements used in IVF, has long-term negative effects on murine embryonic and fetal development. The use of octanoic acid for human embryo culture should be monitored and reduced.
either HSA or complex protein supplements include cytokines [14] , microRNA [15] , transition metals [5] , and the stabilizers N-acetyl-tryptophan and octanoic acid [4] . As these additional non-declared components of protein become defined, clinical significance, potential for harm, and lot-to-lot variability should be assessed.
Octanoic acid (OA) is a stabilizer added to the preparations of HSA prior to heat inactivation of viruses [16] . Biologically, OA is a well-described intermediary metabolite in fatty acid metabolism and is known to be cytotoxic at high concentrations [17] . Studies on the effect of OA on cell function in vitro demonstrate that it disrupts energy metabolism and induces oxidative damage [18] , effects that occur at concentrations of OA similar to what is present in embryo culture after addition of protein supplements. Lot-to-lot variation of OA concentrations in HSA preparations [4, 19] coupled with clinic preference for amount of protein supplementation means that the actual amount of OA present in human embryo culture is highly variable and undefined.
We previously demonstrated that OA reduces blastocyst development in a mouse embryo assay at concentrations that are clinically relevant [4] . Here, we use recombinant human serum albumin that does not contain OA to determine the effect of increasing concentrations of OA on blastocyst development, implantation, and fetal growth.
Materials and methods
Two separate sets of mouse embryo experiments were conducted. Studies on embryo morphokinetics, blastocyst development, and cell numbers were performed at the Mayo Clinic. Implantation rates and fetal growth studies which included a second set of blastocyst development data were performed at the National Foundation for Fertility Research (NFFR).
Mouse embryo assay
The Mayo Clinic Institutional Animal Care and Use Committee (IACUC) approved all procedures involving animals. Female inbred FVB mice, age 6-7 weeks (in-house breeding colony), were superovulated with 5 IU of intraperitoneal pregnant mare serum (PMS Gonadotropin; NHPP Torrance, CA) followed 48 h later by 5 IU of intraperitoneal human chorionic gonadotropin (hCG; APP Pharmaceuticals Schaumburg, IL). The females were mated with male CF1 mice (Charles River Laboratories, Wilmington, MA), and 18 h post hCG, one-cell embryos were collected from the oviducts. Cumulus cells were removed with hyaluronidase (0.05 % w/v; Sigma, St. Louis, MO).
Embryo culture
The embryos were placed into individual wells in an EmbryoSlide (Fertilitech, Aarhus, Denmark) and cultured in an EmbryoScope (Fertilitech). The EmbryoScope slides were prepared the day before embryo collection by equilibration in an incubator with 5 % O 2 , 6.2 % CO 2 and balance nitrogen to maintain pH between 7.20 and 7.30. The individual wells contained 25 uL of Global medium (LifeGlobal Guilford, CT) supplemented with 5 mg/mL recombinant human serum albumin (AlbIX, Novozymes, Bagsvaerd, Denmark) and were covered with 1.3 mL of mineral oil (LiteOil, LifeGlobal). The one-cell embryos (n=12 per slide) were randomly allocated to the four treatment groups, and a different EmbryoScope slide was prepared for each concentration of OA (0, 400, 800, or 1200 μM). Treatments were prepared by making a 40 % stock solution of OA (200 μL OA (Sigma) in 300 μL ethyl alcohol) which was then used to prepare a 3 mM OA stock by adding 11.9 μL 40 % stock solution to 10 mL Global medium+5 mg/ mL AlbIX. The treatments were prepared via serial dilutions using Global medium+AlbIX.
Time-lapse system
Precise developmental kinetics were captured using the timelapse microscopy feature of the EmbryoScope incubator (Fertilitech). Once embryos were placed in the incubator, seven planes of images were obtained every 20 min for 96 h. Blastocyst development was defined as the percentage of embryos that developed to the expanded blastocyst stage by 96 h. Cell division timings were determined manually and included t2, t3, t4, t5, t6, t7, and t8 (time from collection to 2, 3, 4, 5, 6, 7, and 8 cells), time of compaction, tM, initiation of blastulation, tsB, time to formation of blastocoel, tB, and time to an expanded blastocyst, tEB. Cell cycles were analyzed [20] and included cc2a (duration of the second cell cycle: time (h) an embryo is at the two-cell stage), cc3a (duration of the third interphase: time an embryo is at the four-cell stage), s2 (synchrony of the second cell division: time an embryo is at the three-cell stage), and s3 (synchrony of the third cell division: time an embryo contains 5, 6, or 7 cells).
Differential cell counts
At 96 h of culture, blastocysts were fixed and stained for CDX2 (mouse monoclonal anti-human CDX2 cat # MU392A-UC Biogenex, Fremont, CA, USA) and SOX2 (rabbit monoclonal anti-human SOX2 cat # AN579-5M, Biogenex) [21] . CDX2 and SOX2 immunostaining was used to quantify cells of the trophectoderm (TE) and inner cell mass (ICM), respectively. Fluorescent signals were visualized using an inverted microscope at ×200 magnification (Leica DMI6000B with Leica Application Suite-Advanced Fluorescence software, Buffalo Grove, IL, USA) using UV illumination and fluorescent filters specific to each secondary antibody. Images were analyzed using Adobe Photoshop CS6.
Embryo transfer
All mouse protocols were approved by the NFFR Ethics in Research Committee and followed animal care and use guidelines, as described by the Guide for the Care and Use of Laboratory Animals [22] . A second set of embryo culture experiments were conducted to obtain additional one-cell mouse embryos to produce embryos for transfer. Female inbred FVB mice, age 5-9 weeks (Harlan, Indianapolis, IN, USA), were superovulated using 5 IU PMSG (Calbiochem®, EMD Millipore, Billerica, MA, USA) followed in 48 h by 5 IU hCG (Calbiochem®) and mating to fertile CF-1 males. Seventeen hours post hCG, one-cell embryos were collected by puncturing the ampulla. Cumulus cells were removed using hyaluronidase (0.01 %; 80-160 U/mL). The one-cell embryos were randomly allocated to the four culture treatments (0 (control), 400, 800, and 1200 μM OA) and cultured in Global medium (LifeGlobal, Canada) supplemented with 5 mg/mL recombinant human serum albumin (AlbIX, Novozymes, Bagsvaerd, Denmark) in 20-μL droplets under Ovoil at 37°C in 7.3 % CO 2 and 6.5 % O 2 . Gas concentrations were increased to compensate for the elevation at which these experiments were conducted (Lone Tree, CO,~1830 m above sea level) and are approximately equal to 6.0 % CO 2 and 5 % O 2 at sea level [23, 24] . After 96 h of culture, the embryos were assessed for development. Those embryos that had reached at least the expanded blastocyst stage and were designated for transfer were placed into a pre-equilibrated droplet of EmbryoGlue® (Vitrolife AB, Göteborg, Sweden) for 1 h. The embryos were surgically transferred (average of six embryos per uterine horn), one treatment per uterine horn/two treatments per female, to recipient Swiss Webster females (Harlan) age 2 to 5 months [25] . The recipients had been successfully mated to vasectomized CF-1 males, as evidenced by a vaginal plug, 1 day later than embryo donors (3.5 dpc at transfer). Following transfer, when the embryos reached 16.5 dpc, the recipient females were euthanized and implantation, fetal weights, and placental weights were recorded.
Statistics
Differences in blastocyst rate, cell cycle timings, and cell numbers were determined using JMP (SAS, Cary, NC) statistical software. Differences in percent blastocyst development, implantation, and fetal development were determined using chisquare. Differences in fetal and placental weights were determined using t test. Significance was determined at P<0.05.
Results

Embryo development
The industry standard endpoint for the mouse embryo assay is blastocyst development at 96 h which was our primary endpoint in this study (Fig. 1) . In the studies conducted at the Mayo Clinic, the culture with 1200 μM OA resulted in significantly fewer blastocysts at 96 h than the control group (p<0.0001). While the number of blastocysts was not affected by lower concentrations of OA, blastocyst hatching was lower at both 800 μM (p <0.01) and 1200 μM (p <0.0001) when compared with the controls (Fig. 1) . As we have previously shown that specific timings of cell cycles using time-lapse imaging are a sensitive measure of oil toxicity [2] , we compared the morphokinetics of embryo development among the treatment groups. The effects of OA at 800 and 1200 uM were detected as early as division to the three-cell stage, where division was delayed, persisted, and increased in difference through the formation of the blastocoel cavity (tSB; Fig. 2a ).
Cell number and allocation
Blastocysts contained more trophectoderm cells when cultured in control medium than in medium supplemented with 1200 μM OA (p<0.05) (Fig. 3 ). There was a trend for a decrease in total number of cells as the concentration of OA increased.
Embryo transfer
Following the blastocyst development and cell number studies, a separate set of experiments were conducted at NFFR where development of embryos produced for embryo transfer was assessed after 96 h of culture, prior to transfer to recipients. In this separate set of experiments, more blastocysts were developed in the control media than in the media supplemented with 800 μM (p<0.05) and 1200 μM (p<0.05) OA; whereas blastocyst development was not different for 400 μM OA (Fig. 4) . In addition, OA at all concentrations significantly reduced the number of advanced blastocysts (expanded, hatching, or hatched) and hatching/hatched blastocysts compared to the control (Fig. 4) . The mean number of embryos transferred per uterine horn was 5.60±0.49 (0 μM), 6.23± 0.46 (400 μM), 5.63 ± 0.46 (800 μM), and 5.88 ± 0.51 (1200 μM). There were no differences in the pregnancy rate of any treatment compared to the control (0 μM, 53 %; 400 μM, 46 %; 800 μM, 69 %; 1200 μM, 31 %), although significantly fewer recipients became pregnant in 1200 uM compared to 800 uM OA. The implantation rate (number of implantations/number of embryos transferred) on 16.5 dpc for embryos cultured in 1200 μM (p<0.05) OA was significantly reduced compared to the control (Fig. 5) . However, fetal development (number of fetuses/number of embryos transferred) did not differ between treatments (Fig. 5) . On D16.5, the weight of the fetuses derived from the embryos cultured in 800 μM was greater than the control fetuses (Fig. 6 ). Placentas developing from embryos cultured to the blastocyst stage in 400 and 800 μM OA were significantly heavier than the control (Fig. 6 ).
Discussion
In order to provide optimal conditions for human embryo development in vitro, the culture environment should be defined and any non-physiologic components should be absent, or at least present at minimal concentrations. We have previously demonstrated that concentrations of octanoic acid, a fatty acid used to stabilize albumin in products for human embryo culture, can vary from lot to lot and that OA inhibits mouse embryo development at concentrations commonly present during human embryo culture [4] . In this report, we use an OA-free recombinant albumin to demonstrate that OA, when added to the culture medium in defined quantities, reduces the growth rate of cleavage stage embryos by extending the time when embryos are at the 2-and 4-cell stages, resulting in lower blastocyst and hatching rates, reduced numbers of trophectoderm cells, decreased implantation, and increased fetal and placental weight.
Octanoic acid, an 8-carbon saturated fatty acid used to stabilize albumin during the process of viral heat inactivation, is present in serum at 0.2 μM [26] . Only during cases of enzyme deficiency, such as medium-chain acyl-CoA dehydrogenase deficiency (MCADD), do serum concentrations in plasma increase to levels (~0.7 mM) equal to that in embryo culture media supplemented with these protein products [18] . The Code of Regulations [27] indicates that OA should be added at concentrations of 0.08 mmol per gram of protein. For supplementation at 5 mg/mL HSA in culture media, this equates to an OA concentration of 400 or 1200 uM when HSA is 15 mg/mL. There is no industry standard for HSA concentration, though the most common concentrations are 5 and 10 mg/mL, corresponding to 400 and 800 uM OA, respectively. Our previous work demonstrated that OA concentrations vary among lots by as much as 50 % [4] . Thus, for IVF laboratories or media companies that supplement medium with 10 mg/mL HSA (10 %v/v), the normal variation in OA concentration would be 400-1200 uM, concentrations equivalent to the highest treatment in this study that induced the most marked effect.
The mechanism whereby OA altered cell cycle duration, blastocyst formation, implantation rates, and fetal weights is unknown. The adverse effects of OA on skeletal and hepatic cells in vitro are due in part to perturbed cellular metabolism, with decreased mitochondrial respiratory chain enzyme activities at concentrations of 500 μM [18] . Oxidative damage was also a feature of OA treatment in both cell types. Metabolic perturbation, one likely effect of OA, may induce changes at the pre-compaction stage that are expressed latently at the blastocyst or fetal stage (reviewed by [28] ). For example, exposure to ammonium during the pre-compaction stage altered cell numbers and fetal development whereas exposure during the post-compaction stage was without effect [29] . Given the many adverse effects of OA on cellular function in vitro, the presence of OA in human embryo culture medium [4] , which commonly occurs at 400-800 μM in HSAsupplemented culture medium but can be as high as 1200 uM, merits further scrutiny. Fig. 1 Development of onecell mouse embryos to the expanded blastocyst stage after 96 h in Global medium containing 5 mg/mL AlbIX and supplemented with 0, 400, 800, or 1200 μM octanoic acid (OA). N=65 embryos per treatment. Significantly different than the control (0 μM OA) within category, **p<0.01, ***p<0.001 (Dunnett's comparison) Fatty acids are an important energy source during preimplantation development in most species [30, 31] . In fact, OA at low concentrations (100 μM) can be used as an energy source by mouse embryos via conversion to acetyl-CoA and beta-oxidation in medium lacking pyruvate and glucose [32] . The support of fatty acid metabolism via the addition of carnitine, critical for transport of lipids into mitochondria, is beneficial to mammalian embryo development [33] [34] [35] . However, evidence suggesting that embryos may benefit from exogenous fatty acid supplementation during culture in medium containing carbohydrates and amino acids is lacking as endogenous stores of fatty acids appear to be sufficient [36] . Unsaturated fatty acids tend to have beneficial effects whereas saturated fatty acids tend to have more deleterious effects at elevated concentrations [37] [38] [39] [40] [41] [42] . Furthermore, human embryos with a higher ratio of unsaturated to saturated fatty acids are more likely to progress beyond the four-cell stage [43] . The ideal in vivo environment has an evolving amount of saturated, unsaturated, and polyunsaturated fatty acids, and the maintenance of these ratios is critical to the proper development of embryos [30] . Although it is added to protein as a stabilizer, OA may affect the delicate ratios of fatty acids leading to detrimental consequences for the early embryo such as aberrant metabolism, increased apoptosis, and long-term metabolic perturbations that carry through to fetal growth [30, 38, 44] . Altered fetal and placental weight suggests that culture with In vitro culture of embryos potentially leads to aberrant epigenetic modifications in the genome causing alterations that would be maintained somatically and might affect gene expression at later stages of development [45, 46] .
One limitation of these studies is that our control medium contained high levels of phosphate in the culture medium, which in some studies has been shown to be detrimental to mouse embryo development [47] . Since the phosphate concentration remained constant across treatments and development for the controls was within limits, this is likely not the case. We cannot exclude the possibility that the effects of OA observed are affected differently with high phosphate compared to standard phosphate concentrations.
Ultimately, OA should be removed from human embryo culture, or at least reduced to physiologic concentrations. Alternative stabilizers for current protein supplements or new protein products altogether need to be developed in order to achieve this goal. The recombinant product used in this study, AlbIX, is stabilized with high concentrations of phosphate rather than OA (4.1 mM at a working albumin concentration of 5 mg/mL [5] ). The impact of a higher concentration of phosphate during human embryo culture requires further investigation. Alternatively, the recombinant albumin currently available for human embryo culture [48] , which contains high concentrations of OA to keep the protein in solution, could be reformulated with a combination of reduced OA and increased phosphate, or other inert stabilizer(s). Complex protein supplements are used in the culture of human embryos because they are more closely able to mimic in vivo conditions by providing growth factors and other unidentified protein products that cannot currently be replicated. Research is needed to identify characteristics that are found in products purified from human blood so that supplements can be manufactured to replace human derived products. In this work, we demonstrate that OA at concentrations used clinically have long-term negative effects on embryo and fetal development. These findings illustrate that undefined components of embryo culture media have the potential to adversely affect embryo and fetal development and warrant additional screening and analysis. In this regard, the suitability of OA for human embryo culture is questioned, and at the very least, its use in practice should be monitored, documented, and reduced. In light of this data, alternative stabilizers and/or protein sources should be explored that support embryo development without the safety concerns inherent in using OA.
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